Abstract: This paper proposes a novel six-degree-of-freedom (DOF) electromagnetic precision positioner made of a hybrid mechanism utilizing both magnetic driving force and fluid upper lifting power, in which the new structure, the electromagnetic actuator, and the effective controller are developed. The concept of the mechanism design not only involves the magnetic driving mechanism but also the fluid buoyancy and damping properties, of which the latter help counter-balance weight of the platen so as to achieve very low steady-state power consumption. The four goals of novel system design include: (1) to have large moving range (in mm level), (2) to achieve precision positioning, (3) to design compact but low-cost mechanism, and (4) to achieve low power consumption. The experimental results show that traveling range is 3mm×3mm×4mm, and the tracking error in each axis is kept within 10 m µ , which is up to the limitation of our optical sensors.
INTRODUCTION
During the process of scientific and technical development, high-precision positioning system is essential in a variety of relevant high-tech areas, such as, surface ICphotolithography (stepper for repeated positioning), home multimedia appliances (VCD/DVD players) or electronics storage device (Hard Disk drives), material science (scanning probe microscopy), and medicine and biology (research of cell biology). Conventional positioning system will face the severe challenge to satisfy both high-resolution and large travelling range, requirements nowadays even subjected to compact design and low power consumption. In order to meet these challenges, more advanced positioning system will need to be developed.
There are several technologies which have been applied to achieve precision positioning motion. Generally, for a small range motion, piezoelectric actuator [1] is used, because its property of high accuracy and fast response. However, most piezoelectric actuators can only handle a small range motion, may not be a suitable choice for a large-range moving, and may have the drawback of thermal drift under temperature variation. On the other hand, for large-range motion, ballscrews and linear motors [2, 3] are popularly used. Unfortunately, ball-screws will cause undesirable disturbances and backlash due to contact of bearing element, whereas the drawbacks of linear motors contain ripple effect and end-effect. These unfavorable factors will be likely to counteract our efforts to achieve high precision motion. It is generally a trade-off between high resolution positioning and large travel range positioning. Hence, using non-contact forces generated between the carrier and the stationary platform seems to be a better solution in the aforementioned circumstances.
In the following, we first introduce some practical applications, scientific researches, and different types of precision 6-DOF positioning system in the world. A highprecision magnetically levitated stage with large planar motion (50mm×50mm) capability was presented in [4, 5] . So far, this Maglev stage can achieve positioning up to 5nm rms precision level in both x and y axes, acceleration capability in excess of 2g (20m/s2), and 100 Hz closed-loop cross-over frequency. However, the manufacturing cost of this system is quite expensive because of its difficult and complicated manufacturing process. Although this is a very complete and systematic research, it fails to be a suitable solution for general applications. Kim and Verma presented highprecision control result for a maglev linear actuator with a novel geometric configuration [6] , the device will allow a linear motion range of ± 150µm in the x, y, and z axes with nanoscale positioning resolution, and the rotation of 3mrad about the three orthogonal axes. The drawback of this system is that small motion range will limit its scope of applications.
There is a trade-off between high resolution positioning and large travelling range positioning. So far, to enlarge the travelling range, electromagnetic actuation, is also used widely. There are many advantages associated with electromagnetic actuating technology, such as no contamination, no friction, fast response, high acceleration, large travel range, low noise, and low cost. In this paper, a novel planar electromagnetic precision positioning system, including novel mechanism, control and analysis are successfully presented. In particular, there are seven main goals that have been achieved here: (1) to provide a mechanical design which can utilize advantages of both electromagnetic actuation and fluid buoyancy to attain planar positioning, (2) to derive the transformation from the measured signal of the sensors to the posture information of the platform, (3) to establish the mathematical modeling, (4) to develop a robust advanced adaptive sliding-mode controller for 6-DOF stabilization, (5) to perform numerical simulation to validate satisfactory performance, (6) to perform extensive experiments especially with 3-dimensional motion to test the practical performance, and (7) to achieve low power consumption.
MECHANICAL DESIGN
The conceptual configuration of this overall structure is shown in Fig. 1 . As shown in Fig. 1 , there are eight electromagnetic actuators. Four horizontal actuators, which consist of the rectangular magnets and the rectangular coil, are used to provide the lateral forces for planar motion. The other four vertical actuators, which consist of the circular magnets and the cylindrical coils, are used to generate the vertical forces for vertical motion. The magnets are mounted on the moving platen whereas the coils are mounted on the stator. By this way of mounting, we can avoid connecting circuit wires to the moving part, and prevent the unnecessary friction during motion.
From Fig. 2 , the dimension of the outside cover is about 250×250×160mm, and the frame is made of aluminum. The size of the moving platen measure is 150×150×3mm, and is also made of aluminum. The moving platen is supported by four cylinders. Moreover, the four cylinders are immersed in the fluid. The concept of this design intends to achieve two goals: The first one is to have sufficient damping and the second is low power consumption by counter-balancing weight of the carrier utilizing fluid buoyancy. The fluid offloads approximately 95% of the platen's 0.407 kg mass, thus reducing the power consumption from the electromagnetic circuits. 
SYSTEM MODELING
After introducing the design concepts and specification of our system, we are going to derive the system's model in this section.
Fluid Damping
Because four cylinders have been immerged in the fluid container, we have to analyse the motion of the cylinders under that situation. We briefly review the basic theories of fluid mechanics [7] that will be used in our system design, the drag equation calculates the force experienced by an object moving through a fluid at relatively large velocity. The equation is attributed to Lord Rayleigh, and the force on a moving object due to a fluid is given as follows:
where F d is the force of drag, ρ is the density of the fluid, v is the velocity of the cylinder relative to the fluid, A is the reference area, and C d is the drag coefficient. The constant combine into a single term b c for cylinder damping, 2 .
To apply general linear control theory, assume the cylinder moving through a fluid at relatively slow speeds and the drag forces generated by the velocity of the cylinder relative to the fluid are linearized around the operational point.
Electromagnetic Force Analysis
Now, we will analyze the lateral force according to the Lorentz Force Equation.
To apply general linear control theory, the magnetic forces generated by the actuators are linearized around the operational point [8] .
, ,
where f rec/cyl is the magnitude of linearized force, d rec/cyl is the air gap between coils and magnet, u rec/cyl is the current, k d,rec/cyl and k u,rec/cyl are the coefficients.
Force Allocation
First, we can draw the free body diagram between the actuators and platen, as the Fig. 3 shown. Here, we define that f x1 , f x2 , f y1 , f y2 , f z1 , f z2 , f z3 , f z4 as the force actuated by the n-th actuator in X-, Y-or Z-axis, respectively. Moreover, we can define
T to be the force and torque really exerted on the center of mass of the platen. So, the force kinematics is given by Eq.(6). Here, d a and d b are the distances from the center of the platen to the center of the horizontal and vertical actuators as shown in Fig. 3 , respectively. 
Dynamic Formulation
To develop the general model of this positioner, the coordinate is as defined in the previous section. Its origin is defined as the initial position. The force relations are depicted in Fig. 4 . First, we assume there is a damping constant in our system and the carrier is a rigid body. Therefore we can easily apply the Newton's Law to this system. Second, the magnetic field can be viewed almost fully decoupled. Finally, we regard the hysteresis effect and thermal drift as the disturbances. Through the help of Newton's Law, the equations of the total forces and torques exerted on the platen can be expressed in Eq.(7). 
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where
, and d z4 are the distances, namely air gap of each actuator and u x1 , u x2 , u y1 , u y2 u z1 , u z2 , u z3 , and u z4 are the control efforts, namely current of each actuator.
Refer to the plant model Eq. (8) . In order to balance the control efforts, where each is subjected to its maximum limit, the distribution of the control efforts can be assigned as follows: So far, the general model can be derived by combining Eqs. (8) and (9) is written in matrix form as following: 
MX AX B D B U G
In the system, this operation point means each PM's position is designed as d x1 =d x2 =d y1 =d y2 =5mm in the lateral subsystem, and d z1 =d z2 =d z3 =d z4 =5mm in the vertical subsystem. Therefore, the carrier will be levitated to this designed operation point higher than its initial height. Due to the carrier's gravity, there must be some bias currents flowing into vertical four cylindrical coils. 1 .
If we design the input as the sum of one specific controller U Ctrl and the bias U Bios as shown below:
then (11) can be written :
Nevertheless, because we have made some assumptions for the simplifying system plant's development in dynamic modeling, those assumptions may cause some inaccuracies of the plant model. Thus, a better way is to add these uncertainty terms into our plant model, and therefore Eq. (14) becomes as follows:
where one is a constant uncertainty W c denoted as the model uncertainty, and the other one is a varying uncertainty W v denoted as the external noise and disturbance then we assume that the varying uncertainty is bounded and satisfies ||W v ||≤W max . Besides, the desired position commands are
, and θ d . Moreover, the system dynamics can be transformed in error coordinates using the following relationships 
ME AX B D B U MX W W
= + + − + + ɺɺ ɺ ɺɺ(16)
Adaptive Silding-Mode Controller Design
Design a sliding surface S , with the following form:
,
T is a 6 6 × positive diagonal matrix to be designed. In the design of Eq.(17), we can very easily discover that the sliding surface is a function consisting of the tracking error vector E and its time derivative. In this application, our main purpose is to regulate tracking error vector E to zero, which simultaneously regulates the derivative of E to zero as well. If the sliding surface tends to zero within finite time, then E and its time derivative, E ɺ are also forced to zero exponentially. To relate the sliding surface to the dynamics model, the time derivative of the sliding surface, S ɺ can be expressed as:
An adaptive controller is applied in this research, which is capable of estimating parameters of the system on-line while controlling the system simultaneously. The estimates of system parameters can be injected into the control command of Eq.(18). Based on the sliding surface dynamics, the control law is designed as:
, ∀η i >0, such that N stands as the high gain matrix used to bound the varying uncertainty 
Stability Analysis
Based on adaptive control theory, we define a Lyapunov function candidate V, which is a positive definite function: 
Regulation Response
In regulation response, we only consider the response performance in Z-axis and we set the initial points as: X = 0mm, Y = 0mm, Z = 0mm, ϕ = 0mrad, φ = 0mrad, and θ = 0mrad. The control goal is to drive the platen moving to a constant height at Z = 2mm, and the other configuration states are required to maintain zero. The experimental data are shown in Fig. 6 . The current in each vertical actuator is 55mA and the resistance of the coil is 3.94Ω. The power consumption for levitating the positioner is 4×0.055 2 ×3.94= 47.7mW. Compared with [6] , the hybrid mechanism can reduce the power consumption significantly.
Tracking and contouring
In order to test the tracking and contouring capability of this proposed 6-DOF positioning system, we present the experimental results of the sinusoidal motion with the amplitude equal to 2mm at the frequency 0.25Hz along Yaxis. The experimental results show the fine tracking ability along Y-axis, with both tiny positioning error and little time delay. The experimental data are shown in Fig. 7 . In the second experiment, the experimental results of the 3-dimensional spiral motion at 0.1Hz with the final amplitude equal to 0.5mm as shown in Fig. 8 . 
CONCLUSIONS
In this paper, we have designed and implemented a 6 DOFs precision positioning system utilizing hybrid mechanism with magnetism and fluid. The system is a multi-input multioutput (MIMO) system, and a robust adaptive sliding-mode controller is designed to regulate six DOFs to a precision extent and track the particular desired motion. Finally, satisfactory performance of the precision positioning motion is obtained in the actual experiments. The experimental results reveal that the positioning performance has attained the sensor's limitary accuracy.
